The tumor suppressor genes EAF2 and p53 are frequently dysregulated in prostate cancers. Recently, we reported that concurrent p53 nuclear staining and EAF2 downregulation were associated with high Gleason score. Combined loss of EAF2 and p53 in a murine model induced prostate tumors, and concurrent knockdown of EAF2 and p53 in prostate cancer cells enhanced proliferation and migration, further suggesting that EAF2 and p53 could functionally interact in the suppression of prostate tumorigenesis. Here, RNA-seq analyses identified differentially regulated genes in response to concurrent knockdown of p53 and EAF2. Several of these genes were associated with the STAT3 signaling pathway, and this was verified by significantly increased p-STAT3 immunostaining in the Eaf2 . EAF2 downregulation and p53 nuclear staining in human prostate cancer specimens were correlated with high Gleason score, suggesting that simultaneous inactivation of EAF2 and p53 is associated with prostate cancer progression. The p53 tumor suppressor controls DNA damage response, cell cycle regulation, and apoptosis. In the prostate, tumors with inactive p53 are more resistant to anticancer treatment [13, 14] . Wild-type but not mutant p53 has been reported to inhibit the phosphorylation of STAT3 at tyrosine residue 705 (Tyr705) and STAT3 DNA binding in prostate cancer cells [15] . The Janus kinase-signal transducer and activator of transcription (JAK/STAT) signaling pathway is activated by interferons and can be triggered by chronic inflammation, immune response, and cancer (reviewed in [16, 17] ). STAT3, which is activated by interferon-gamma, plays a role in promoting cell survival and proliferation [18] and has been classified as an oncogene [19] . STAT3 activation is mediated by phosphorylation of cytoplasmic STAT3 on tyrine residue 705 and serine residue 727 leading to dimerization and nuclear translocation. STAT3 can transcriptionally repress p53 expression, and blocking STAT3 can activate p53 expression in cancer cells [20] . Transfection of wild-type p53 into prostate cancer cell line DU145, which expresses a mutant p53 and constitutively activated STAT3 [21] , dramatically reduced expression of p-STAT3, suggesting that wild-type p53 could regulate activation of STAT3 [15] . Recently, Pencik et al. showed STAT3 transcriptionally regulated ARF, which is upstream of p53 [22] . Further elucidating the mechanisms of STAT3 activation and regulation in prostate carcinogenesis could provide new insights for developing more effective prostate cancer treatment strategies.
Introduction
The transcription elongation factor ELL-associated factor 2 (EAF2) was recently shown to functionally interact with p53 in the repression of prostate carcinogenesis [1] . EAF2 is an androgen-responsive gene that is expressed by luminal epithelial cells in benign prostate tissues and significantly decreased in high-Gleason score prostate cancer specimens [2, 3] . Overexpression of EAF2 in prostate cancer cell lines induced apoptosis and inhibited colony formation and xenograft tumor growth [2, 4] . Conventional deletion of Eaf2 in the murine model induced murine prostatic intraepithelial neoplasia (mPIN) lesions in several strains [5, 6] , further suggesting that EAF2 can act as a tumor suppressor in the prostate. Previously, EAF2 was shown to colocalize and co-immunoprecipitate with the tumor suppressor p53 [4] , which is frequently mutated or overexpressed in advanced prostate cancer but infrequently mutated in localized tumors [7] [8] [9] [10] [11] . In prostate cancer cell lines, EAF2 was shown to interact with p53 to alleviate the repression of TSP-1 expression by p53, suggesting that EAF2 and p53 could functionally interact [4] . In a recent report, we showed that combined conventional deletion of Eaf2 and p53 in a murine model induced prostate carcinogenesis, and concurrent knockdown of EAF2 and p53 increased prostate cancer cell proliferation and migration [1] . Endogenous p53 and EAF2 interaction in prostate cancer cells was mediated through the Cterminus of EAF2 and the DBD of p53 [1] , which frequently harbors mutations [12] . EAF2 downregulation and p53 nuclear staining in human prostate cancer specimens were correlated with high Gleason score, suggesting that simultaneous inactivation of EAF2 and p53 is associated with prostate cancer progression.
The p53 tumor suppressor controls DNA damage response, cell cycle regulation, and apoptosis. In the prostate, tumors with inactive p53 are more resistant to anticancer treatment [13, 14] . Wild-type but not mutant p53 has been reported to inhibit the phosphorylation of STAT3 at tyrosine residue 705 (Tyr705) and STAT3 DNA binding in prostate cancer cells [15] . The Janus kinase-signal transducer and activator of transcription (JAK/STAT) signaling pathway is activated by interferons and can be triggered by chronic inflammation, immune response, and cancer (reviewed in [16, 17] ). STAT3, which is activated by interferon-gamma, plays a role in promoting cell survival and proliferation [18] and has been classified as an oncogene [19] . STAT3 activation is mediated by phosphorylation of cytoplasmic STAT3 on tyrine residue 705 and serine residue 727 leading to dimerization and nuclear translocation. STAT3 can transcriptionally repress p53 expression, and blocking STAT3 can activate p53 expression in cancer cells [20] . Transfection of wild-type p53 into prostate cancer cell line DU145, which expresses a mutant p53 and constitutively activated STAT3 [21] , dramatically reduced expression of p-STAT3, suggesting that wild-type p53 could regulate activation of STAT3 [15] . Recently, Pencik et al. showed STAT3 transcriptionally regulated ARF, which is upstream of p53 [22] . Further elucidating the mechanisms of STAT3 activation and regulation in prostate carcinogenesis could provide new insights for developing more effective prostate cancer treatment strategies.
In the current study, we explored molecular changes associated with combined loss of EAF2 and p53 in prostate cancer cell lines, the murine prostate and human prostate cancer specimens. RNA-seq analysis was utilized to identify the genes altered in response to concurrent knockdown of p53 and EAF2 in order to identify pathways targeted by functional interaction between these two tumor suppressors in prostate cancer. We identified the activation of the STAT3 signaling pathway in C4-2 prostate cancer cells with concurrent knockdown of EAF2 and p53 and verified increased expression of p-STAT3 (Tyr705) in the p53 −/− Eaf2 −/− mouse prostate. STAT3 knockdown abrogated the stimulation of C4-2 cell proliferation by concurrent knockdown of EAF2 and p53. Immunostaining of p-STAT3 (Tyr705) was increased in human prostate cancer specimens with EAF2 downregulation and/or p53 nuclear staining. These findings suggest that combined loss of EAF2 and p53 contributes to the activation of the p-STAT3 pathway and promotes prostate tumorigenesis.
Materials and Methods
Cell Culture, Transfection, and RNA Interference
The human prostate cancer cell line C4-2 was a gift from Dr. Leland W. K. Chung and maintained in RPMI-1640 medium. The human prostate cancer cell line LNCaP was obtained from American Type Culture Collection (Manassas, VA) and maintained in RPMI-1640 medium. Medium was supplemented with 10% heatinactivated fetal bovine serum. The C4-2 and LNCaP cell lines were authenticated in 2016 using DNA fingerprinting by examining microsatellite loci in a multiplex PCR (AmpFlSTR Identifiler PCR Amplification Kit, Applied Biosystems, Foster City, CA) by the University of Pittsburgh Cell Culture and Cytogenetics Facility. For knockdown experiments, cells were transfected with 100 pmol nontargeted siRNA or siRNA against p53, EAF2, and/or STAT3 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in a six-well plate. Targeted siRNA was complemented with nontargeted siRNA in the single-knockdown group such that the total amount of siRNAs in each well was identical. At 24 hours posttransfection, cells were treated with 2 nM R1881 for an additional 48 hours in order to induce higher levels of androgen-responsive EAF2 [1, 2] and then used for further experiments. Nontargeted control siRNA (sc-37007, Santa Cruz Biotechnology, Dallas, TX, USA) as well as targeted siRNA against EAF2 and p53 [Integrated DNA Technologies (IDT), Coralville, IA] were utilized. Pooled siRNA against p53 was purchased from Santa Cruz (sc-29435); siRNA against EAF2 was designed using the IDT RNAi Design Tool [23] as follows: AAACAGUUACUGGUGGAGUUGAACCUU (IDT); and siSTAT3: AAGUUUACAUUCUUGGGAUUGUUGGUC (IDT). Additional siRNA sequences for validation experiments were obtained from IDT and included sip53-2: 5-AGUGUUUCUGUCAUCCAAAUACUC CAC, siEAF2-2: 5-CUGUUCACCUUCACCAACCUCAAGGUA, siSTAT3-2: 5-UGAAGUACACAUUGGAAUUUGAAUGCA and siSTAT3-3: AUACUUUCCGAAUGCCUCCUCCUUGGG.
RNA-seq Analysis
For RNA-seq analysis, C4-2 cells were subjected to RNA interference for 24 hours using Lipofectamine 2000 (Invitrogen), followed by treatment with 2 nM R1881 for an additional 48 hours. The amount of each siRNA was 1200 pmol in each 10-mm dish. Samples included nontargeted siRNA control, siEAF2, and/or sip53. Knockdown of EAF2 and/or p53 by siRNA was verified by Western blotting of a small aliquot of the cells. The remainder of cells were used for total RNA isolation using TRIzol (Invitrogen). Sequencing was carried out by the Beijing Genomics Institute (Hong Kong, China). Briefly, total RNA samples were treated with DNaseI, and then mRNA was enriched using oligo(dT) magnetic beads followed by fragmentation. Double-strand cDNA was synthesized and then purified. End reparation and 3'-end single nucleotide A addition were performed, and finally, sequencing adaptors were ligated to the fragments which were then enriched by PCR amplification. The sample library was qualified and quantified using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and ABI StepOnePlus Real-Time PCR system (Applied Biosystems, Foster, CA). The library products were sequenced via Illumina HiSeq 2000 (Illumina, San Diego, CA). In the current study, transcript quantification was done using Salmon (0.7.2) [24] , and the differential expression analysis was done using the Bioconductor package edgeR (v3.18.1) using R [25, 26] . The final gene list considered was obtained from filtering to a final gene list of ratios greater than two-fold. Functional and ontology enrichment analysis was performed using Ingenuity Pathways Analysis (IPA) 5.0 (Ingenuity Systems, Redwood City, CA) as described in Haram et al. [27] . Interferon-regulated genes were identified using Interferome v2.01 (Monash University, Melbourne, Australia).
Quantitative Real-Time RT-PCR Validation
Validation of RNA-seq results were performed with a separate experimental group of C4-2 cells treated as described for the RNA-seq analysis experiment above. The RNA reverse transcription was carried out using the first-strand cDNA synthesis kit (Promega, Madison, WI). Quantitative real-time RT-PCR (qPCR) was performed using SYBR green mix (Thermo Scientific, Rockford, IL). The expression of indicated genes was normalized with respect to the GAPDH mRNA level. The sequences of primers used were listed in Supplemental Table S1. 
Western Blotting
Cell samples were lysed in RIPA buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 0.1% SDS, 0.25% sodium deoxycholate, 1mM sodium orthovanadate, 1 mM PMSF, 1:100 dilution of protease inhibitor cocktail P8340 (Sigma-Aldrich, St. Louis, MO)], and protein concentration was determined by BCA Protein Assay (Thermo Scientific). Tissue lysates were boiled in SDS sample buffer, separated on a NEXT GEL 10% gel (Amresco, Solon, OH) under reducing conditions, and transferred onto a nitrocellulose membrane. Blotted proteins were probed with primary antibodies (Supplemental Table S2 ) followed by horseradish peroxidase-labeled secondary antibody (Santa Cruz Biotechnology). Signals were visualized using chemiluminescence (ECL Western Blotting Detection Reagents, GE Healthcare, Pittsburgh, PA) and exposed to X-ray film (Fujifilm, Tokyo, Japan). All RNA-seq data have been deposited in NCBI's Gene Expression Omnibus [28] and are accessible through GEO Series accession number GSE104729.
Generation of Male EAF2 and p53 Gene Deletion Mice
Preparation of mice with specific deletion of the Eaf2 or p53 genes has been described previously [4, 5, 29] . Heterozygous Eaf2 mice on a C57BL6/J background were crossed with heterozygous p53 mice (#002101, B6.129S2-Trp53 tm1Tyj /J, Jackson Laboratory, Bar Harbor, ME), and these mice were again intercrossed to generate various male cohorts with either p53 −/− , p53 +/− , or p53 +/+ background [1] Genotyping was performed using PCR analysis of mouse tail genomic DNA at age 21 days and after euthanization [5, 29] . All mice were maintained identically under approval by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Immunohistochemical Staining
The methods of tissue collection and immunostaining have been published previously [5] . Briefly, tissues were fixed in 10% phosphate-buffered formalin at 4°C overnight. Samples were then embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin. Immunostaining was performed with primary antibodies (Supplemental Table S2 ) using the ImmunoCruz rabbit ABC staining System (SantaCruz Biotechnology) followed by Vector NovaRED substrate (Vector Laboratories, Burlingame, CA). Slides were then counterstained in hematoxylin and coverslipped. Immunostained sections were imaged with a Leica DM LB microscope (Leica Microsystems Inc, Bannockburn, IL) equipped with an Imaging Source NII 770 camera (The Imaging Source Europe GmbH, Bremen, Germany) and NIS-Elements Documentation v 4.6 software (Nikon Instruments, Inc., Mellville, NY). All tissues were examined by a boardcertified veterinary pathologist (L.H.R.) or a board-certified genitourinary pathologist (A.V.P.) using light microscopy.
Immunostaining Image Analysis
Slides stained with EAF2, p53, and p-STAT3 were evaluated semiquantitatively. The percentage of prostate epithelial cells in each core that expressed the antigen was estimated at a final magnification of 40×. Protein expression was assessed as a function of staining intensity and percentage of cells exhibiting each level of intensity. The intensity of the reaction product was based on a 4-point scale: none, faint/equivocal, moderate, and intense. An H-score was calculated for each immunostain by cell type using the following formula: H-score = 0(% no stain) + 1(% faint/equivocal) + 2(% moderate) + 3(% intense).
BrdU Assay
C4-2 cells seeded on coverslips were treated with 2 nM R1881 for 48 hours following RNA interference. Cells were subsequently cultured in the presence of 10 μM BrdU for 2 hours and then fixed with Carnoy fixative (3:1 volume/volume methanol and glacial acetic acid) for 20 minutes at −20°C. After treatment with 2 M HCl and 0.1 M boric acid, cells were incubated with 3% hydrogen peroxide (H 2 O 2 ) for 10 minutes at room temperature, followed by blocking with 10% goat serum for 1 hour. Cells were then incubated with anti-BrdU antibody (Supplemental Table S2 ) overnight at 4°C and CY3-labeled goat antimouse secondary antibody (A10521, Life Technologies) for 1 hour at 37°C. The nucleus was stained with SYTOX Green (S7020, Life Technologies). Images were acquired using a fluorescence microscope (Nikon TE2000-U). Cells were counted using the Photoshop CS5 counting tool (Adobe, San Jose, CA) or Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD), and the number of BrdU-positive cells was assessed as percent of the total cell number by counting the total number of BrdU-positive cells in at least five nonoverlapping fields for each condition at 40× magnification.
Human Prostate Tissue Specimens
Human prostate tissue specimens without any previous chemo-, radio-, or hormone therapy were obtained from the surgical pathology archives of the University of Pittsburgh Prostate Tumor Bank under approval by the University of Pittsburgh Institutional Review Board from deidentified tumor specimens consented for research at time of treatment (Table 1) . Specimens included two prostate tissue microarray slides (TMA). TMA specimens scored included 104 normal prostate specimens adjacent to malignant glands plus 16 normal donor prostate (normal) specimens, 64 high-grade prostatic intraepithelial neoplasia (PIN) specimens, and 216 acinar type specimens of prostatic adenocarcinoma.
Statistics
Comparison between groups was calculated using the unpaired Student's t test and nonparametric Mann-Whitney test. A Grubb's test 
Results

EAF2 and p53 Target Genes in C4-2 Cells
We recently showed evidence that EAF2 and p53 could functionally interact in prostate tumor suppression [1] . RNA-seq analysis coupled with EAF2 and/or p53 knockdown was used to determine target genes for these two tumor suppressors in C4-2 prostate cancer cells. Several genes were altered in response to combined knockdown of p53 and EAF2. The most differentially regulated genes are listed in Supplemental Table S3 . qPCR analysis verified the additive up-regulation of PERP, GADD45, PIP, BHLHE41, BFSP1, FOXN1, C9orf43, BIRC3, DIO3, and IL6 and the additive down-regulation of CA12, UGT2B11, SSPN, and ACSL4 in knockdown of p53, EAF2, and combined p53 and EAF2 (Figure 1) .
IPA identified the top canonical pathways altered in response to knockdown of combined knockdown of EAF2 and p53 (siDouble) compared to nontargeted control (siCont) (Supplemental Figure S1 ). Interferon signaling, cyclins, and cell cycle regulation and telomerase signaling were activated, while cell cycle: G2/M DNA damage checkpoint regulation and cell cycle: G1/S checkpoint regulation were inhibited (Supplemental Figure S1A) . Compared to knockdown of EAF2 alone, combined knockdown of EAF2 and p53 resulted in the inhibition of p53 signaling and endothelin-1 signaling (Supplemental Figure S1B ). Compared to knockdown of p53 alone, combined knockdown of EAF2 and p53 resulted in the activation of interferon signaling, activation of IRF by cytosolic pattern recognition receptors, Gaq signaling, and the inhibition of apoptosis signaling compared to knockdown of p53 in the presence of EAF2 (Supplemental Figure S1C) .
IPA downstream effects analysis identified pathways altered in response to combined knockdown of EAF2 and p53 (Supplemental Figure S2 ). Concurrent knockdown of EAF2 and p53 induced alteration in several pathways associated with carcinogenesis, including cancer, inflammatory response, cell signaling, tumor morphology, cellular movement, and cellular growth and proliferation (Supplemental Figure S2A) . Carcinogenesis associated pathways altered in concurrent knockdown of EAF2 and p53 compared to EAF2 knockdown alone included cellular function and maintenance, cancer, cell death and survival, DNA replication, recombination and repair, cellular growth and proliferation, cell cycle, and tumor morphology (Supplemental Figure S2B) . Concurrent knockdown compared to p53 knockdown included carcinogenesis-associated pathways such as cancer, inflammatory response, cell signaling, cellto-cell signaling and interaction, gene expression, and cell morphology (Supplemental Figure S2C) .
Knockdown of EAF2 alone resulted in the activation of interferon signaling and the activation of endothelin-1 signaling (Supplemental Figure S3A ). Endothelin-1 has been reported to inhibit apoptosis in prostate cancer [30] and is a transcriptional target of p53 [31] . As reported by others, knockdown of p53 alone inhibited GADD45 signaling cell cycle: G2/M DNA damage checkpoint regulation [32] and inhibition of angiogenesis by TSP1 (Supplemental Figure S3B) . Down-regulation of GADD45A has been shown to increase STAT3 phosphorylation and inhibit angiogenesis [33] . The pathways inflammatory response, cancer, cell signaling, cellular movement, lipid metabolism, and cell-to-cell signaling and interaction were altered in EAF2 knockdown cells compared to control siRNA (Supplemental Figure S3C) . The pathways cancer, cellular development, cellular growth and proliferation, cell cycle, lipid metabolism, molecular transport, DNA replication, recombination and repair, cell death and survival, and cellular function and maintenance were altered in p53 knockdown compared to controls (Supplemental Figure S3D ).
STAT3 Activation in Response to Concurrent Loss of EAF2 and p53 in C4-2 and LNCaP Cells
Since interferon-signaling was identified as the top canonical pathway altered in response to combined knockdown of EAF2 and p53 (see Supplemental Figure S1A ), the list of genes differentially regulated in response to combined knockdown of EAF2 and p53 was also analyzed by Interferome v2.01 [34] . A total of 138 genes were identified as interferon-stimulated (Supplemental Table S4 , Figure 2A ), of which 24 genes were identified by IPA analysis as STAT3-regulated genes ( Table 2 ). The upregulation of STAT3 target genes CXCL10, GBP2, and CCL5 in response to combined knockdown of p53 and EAF2 was verified by qPCR ( Figure 2B ). STAT3 is frequently phosphorylated at Tyr705 in prostate cancer [35] but not in LNCaP [21, 36] or C4-2 cells [37] . STAT3 protein level was not altered in response to individual knockdown of p53 and/ or EAF2; however, p-STAT3 (Tyr705) level in double-knockdown cells was elevated significantly in both C4-2 and LNCaP prostate cancer cells ( Figure 2C ). These results suggest that EAF2 and p53 may cooperate in suppressing the STAT3 pathway ( Figure 2D ).
pSTAT3 (Tyr 705) Levels in Eaf2
−/− p53 −/− Mouse Prostate
We recently generated mice with combined conventional deletion of Eaf2 and p53 [1] . Eaf2 −/− p53 −/− mice developed mPIN and prostate cancer lesions. Lesions were identified as mPIN and prostate cancer according to criteria commonly used in scoring prostate lesions in transgenic mouse models [38] . Briefly, mPINs were characterized by dysplasia appearing mainly as cribriform structures along with occasional stratification of cells, papilliferous structures, and tufts of cells [38] . mPIN lesions do not invade the basement membrane but may fill and expand the glandular lumen. Prostate cancer lesions were characterized by a loss of basal cells [39] , unencapsulated, often poorly circumscribed, and composed of haphazard acini and lobules of pleomorphic cells with limited or no fibrovascular stroma [38] . Necrosis, vascular invasion, and/or local invasion of the tumor beyond the basement membrane into surrounding stromal tissues may also be observed [38] . Prostate cancer lesions in the Eaf2 −/− p53 −/− mice were characterized by increased vascularity, increased proliferation, and loss of p63-positive basal epithelial cells [1] . Basal cells in the prostate specifically express p63, and loss of p63-positive immunostaining is frequently observed in human prostate tumors [40] [41] [42] .
Immunostaining analysis of p-STAT3 (Tyr 705) in Eaf2
mouse prostate demonstrated a dramatic increase in p-STAT3-expressing cells (Figure 3, A and B) . −/− p53 −/− mouse prostate, p-STAT3 expression was widespread and enhanced compared to loss of Eaf2 alone, with large sections of prostatic tissues exhibiting intense staining. STAT3 can also positively regulate the antiapoptotic factor Bcl-XL [43] . Bcl-XL immunostaining was not observed in the prostates of Eaf2 +/+ p53 +/+ , Eaf2 +/+ p53 −/− , or Eaf2 −/− p53 +/+ mice; however, Bcl-XL immunostaining was increased in the prostates of Eaf2 −/− p53 −/− mice ( Figure 3C ). Eaf2 −/− mice have previously been reported to display increased ERK phosphorylation [3, 44] . As in these previous studies, the prostates of Eaf2 −/− mice −/− mice suggests that activation of the STAT3 pathway is a significant response mediated by loss of both EAF2 and p53. staining intensity H-score in prostate tissue microarray. Specimens are categorized as no alteration in EAF2 or p53 expression (Neither), upregulated p53 (p53+), downregulated EAF2 (EAF2−), or concurrent upregulation of p53 and downregulation of EAF2 (Both). Scoring was quantified for patients with p-STAT3, EAF2, and p53 immunostaining scores; specimens missing either p-STAT3, EAF2, or p53 data due to tissue loss during the immunostaining process were not included (number of patients in parentheses, *P b .05, **P b .01, ****P b .0001).
STAT3 Requirement for C4-2 Cell Proliferation Upon Concurrent EAF2 and p53 Knockdown
To determine if activation of STAT3 might contribute to increased proliferation, thereby contributing to the prostate carcinogenesis seen in the murine model, knockdown of STAT3 was performed in C4-2 cells treated with p53 and EAF2 siRNAs. Knockdown of STAT3 alone did not affect proliferation in C4-2 cells; however, knockdown of STAT3 abrogated the enhanced proliferation induced by concurrent EAF2 and p53 knockdown (Figure 4 ). Similar effects were achieved when EAF2, p53, and STAT3 were targeted with different siRNA sequences (siTriple), excluding potential nonspecific siRNA effects (Supplemental Figure S5) . These results suggest that EAF2 and p53 functionally interact to repress STAT3 activation and that the proliferation in prostate cancer cells induced by combined loss of EAF2 and p53 was largely mediated through activation of STAT3 in the C4-2 model.
Expression of EAF2, p53, and p-STAT3 in Human Prostate Tissue Specimens
EAF2 is down-regulated in advanced human prostate tumor tissue specimens [2, 3, 6] , and p53 mutation/loss is frequent in advanced and castration-resistant prostate cancers [7, 45] . EAF2 immunostaining was significantly decreased in PIN lesions and in prostate cancer tissues, suggesting that EAF2 downregulation is associated with early carcinogenesis, while p53 immunostaining was increased in Gleason ≥7 prostate cancer specimens [1] . We previously reported that the frequency of prostate cancer specimens with combined alteration in EAF2 and p53 was significantly higher in specimens with Gleason score ≥8 [1] . Here, the expression of p53, EAF2, and pSTAT3 (Tyr705) was examined in human prostate cancer tissue specimens using immunostaining of human prostate tissue specimens assembled in two TMAs (Tables 1 and 3 ). Tissue specimens in the TMA that did not contain prostate epithelial cells or that were washed away during the staining process were not scored. Similar to our previous findings, p53 immunostaining was significantly increased in prostate cancer compared to normal adjacent and donor prostate specimens (NAP) or PIN and increased in a stepwise fashion in Gleason ≤6, Gleason 7, and Gleason ≥8 ( Figure 5A ). p53 immunostaining also was increased in stage IV tumors compared to stage II ( Figure 5B ). EAF2 immunostaining was decreased in both PIN lesions as well as prostate cancer tissues compared to NAP, and was increased in stage III and stage IV tumors compared to stage II ( Figure 5, C and D) . The H-score of p-STAT3 (Tyr705) was increased in PIN lesions and prostate specimens with Gleason score 7 and Gleason score ≥8 compared to NAP ( Figure 5E ). Interestingly, p-STAT3 (Tyr705) Hscore was decreased in stage III and stage IV specimens compared to stage II ( Figure 5F ). p-STAT3 (Tyr705) H-score was not correlated with Gleason score (data not shown).
To determine the association between combined alterations in p53 and EAF2 expression and p-STAT3 (Tyr705) immunostaining, the nuclear accumulation of p-STAT3 was also determined for the TMA specimens ( Figure 6 ). As others have reported [35] , p-STAT3 (Tyr705) immunostaining was detected primarily in the nuclei of epithelial tumor cells in tumor specimens and was rare or absent in normal adjacent and donor prostate specimens ( Figure 6A ). Aberrant expression was defined as an H-score ≥55 for p53 [which corresponded to the mean H-score for p53 immunostaining in Gleason ≤6 (see Figure 5A) ], and an H-Score of b150 for EAF2 [which corresponded to the mean H-Score for EAF2 immunostaining in Gleason ≤6 (see Figure 5C) ]. Specimens were categorized as having concurrent p53 and EAF2 alteration (both), p53 only (p53+), EAF2 only (EAF2−), or alteration in neither p53 nor EAF2 (neither). p-STAT3 (Tyr705) staining was significantly increased in specimens with decreased EAF2 (P b .01) compared to normal adjacent and donor prostate specimens (NAP) but was not increased in specimens with increased p53 (P = .31) ( Figure 6B ). Specimens with alterations in both p53 and EAF2 had significantly higher p-STAT3 staining (P b .0001) compared to NAP specimens and compared to p53 or EAF2 alteration alone. Interestingly, p-STAT3 (Tyr705) staining was significantly higher in specimens with increased p53, or p-STAT3 was significantly higher in specimens with alterations in both p53 and EAF2 compared to EAF2 alteration alone (P b .01). p-STAT3 immunostaining was negatively correlated with EAF2 H-score and positively correlated with p53 H-score (Supplemental Figure S6) . The Pearson correlation was −0.2561 (P b .0001) and Spearman coefficient was −0.2822 (P b .0001), indicating a weak negative correlation between EAF2 and p-STAT3 (Supplemental Figure S6A) . The Pearson correlation was 0.1870 (P = .0002) and Spearman coefficient was 0.2250 (P b .0001), indicating a weak positive correlation between p53 and p-STAT3 (Supplemental Figure S6B) . These results suggest that combined aberrant expression of EAF2 and p53 is associated with increased STAT3 signaling. These results are in agreement with the murine model which showed an increase in p-STAT3 staining in Eaf2 
Discussion
Our findings here identified the STAT3 signaling pathway as an important target highly activated by concurrent inactivation of p53 and EAF2 in both cultured C4-2 cells and in the mouse prostate. STAT3 knockdown abrogated the effect of concurrent knockdown of EAF2 and p53 on the proliferation of C4-2 cells. Furthermore, immunostaining of p-STAT3 (Tyr705) correlated with combined EAF2 downregulation and increased p53 nuclear staining in human prostate cancer specimens. These findings suggest that simultaneous inactivation of EAF2 and p53 can act to activate STAT3 signaling and drive the progression of prostate cancer. STAT3 phosphorylation by p53 knockdown in C4-2 cells is consistent with a previous finding that p53 transfection inhibited STAT3 phosphorylation at Tyr705 in prostate cancer cells [15] . However, p53 knockout in the mouse prostate did not affect STAT3 (Tyr705) phosphorylation (see Figure 3 ). This suggests that although p53 knockdown induced STAT3 (Tyr705) phosphorylation in prostate cancer cells (see Figure 2C ), p53 deletion alone in nonmalignant cells was insufficient to activate STAT3 signaling. EAF2 knockdown in prostate cancer cells and knockout in normal mouse prostate induced STAT3 (Tyr705) phosphorylation, suggesting that EAF2 is a repressor of STAT3 signaling and that p53 is insufficient to fully repress the phosphorylation of STAT3 in the absence of EAF2. The more profound effect of EAF2 deletion on STAT3 phosphorylation than p53 deletion is also consistent with the development of mPIN in EAF2 knockout mice but not in p53 knockout prostate. Additionally, previous studies have demonstrated that EAF2 knockout in C57BL/6J mice induced an increase in inflammation in the prostate [6, 46] . Knockout of p53 in addition to EAF2 in the murine model further increased p-STAT3 (Tyr705) staining and increased Bcl-XL staining, indicating the importance of p53 in STAT3 signaling regulation when EAF2 is absent (see Figure 3) . STAT3 knockdown inhibited C4-2 cell proliferation induced by the knockdown of both p53 and EAF2, suggesting that activation of STAT3 is oncogenic when EAF2 and p53 are both inactivated in prostatic cells. Furthermore, p-STAT3 (Tyr705) immunostaining was significantly higher in human prostate tissue specimens with alterations in both p53 and EAF2 compared to p53 or EAF2 alteration alone (see Figure 6B ). These findings provided evidence for p53 and EAF2 cooperation in the regulation of STAT3 signaling in the prostate and suggested an important role of STAT3 signaling in EAF2 and p53 suppression of prostate carcinogenesis.
The potential importance of STAT3 signaling in prostate carcinogenesis has been demonstrated in multiple studies [21, 35, 47] . However, the role of STAT3 signaling in prostate carcinogenesis appears to be controversial. Most published studies have suggested an oncogenic role for STAT3 signaling in prostate carcinogenesis. Immunostaining of tyrosine 705-phosphorylated STAT3 in prostate cancer specimens was associated with poor survival [48] and high Gleason score [35] , and STAT3 inhibition or knockdown decreased proliferation of prostate cancer cells [35] . However, in a recently published study, inhibition of STAT3 signaling promoted prostate tumor growth and progression, and loss of STAT3 staining correlated with increased risk of disease recurrence and metastatic prostate cancer [22] . Since STAT3 level may not reflect the p-STAT3 level, the STAT3 staining pattern in prostate cancer specimens may not be comparable to the p-STAT3 staining. The potential functional differences of STAT3 signaling in prostate cancer observed in different studies may reflect differences in experimental models. According to Pencik and colleagues, blocking STAT3 signaling can bypass senescence through disrupting the ARF-MDM2-p53 tumor suppressor axis in a PTEN-knockout prostate cancer model [22] . Thus, the presence of intact ARF-MDM2-p53 axis may be required for STAT3 to act as a tumor suppressor in prostate cancer cells. When p53 is mutated or deleted, STAT3 may no longer function as a tumor suppressor. Instead, activation of STAT3 signaling may become oncogenic in prostate cancer cells with defects in the ARF-MDM2-p53 axis. Future investigation will be needed to address the reasons for STAT3 to act as a tumor suppressor or an oncogene in different circumstances.
Suppression of STAT3 phosphorylation by p53 overexpression in prostate cancer cells has been previously reported [15] , which is consistent with the increased STAT3 phosphorylation by p53 knockdown in this study. These observations suggested that p53 or a p53 downstream gene product may directly or indirectly inhibit STAT3 phosphorylation or upstream activators of STAT3 such as JAK2. More studies will be required to clarify the mechanisms of p53 regulation of STAT3 activation. Similarly, the mechanisms regulating STAT3 phosphorylation by EAF2 are also not clear. One potential mechanism for EAF2 knockout-induced STAT3 phosphorylation may involve the activation of RAS/ERK pathway, which was activated in the EAF2 knockout prostate [44] . Under physiological conditions, the phosphorylation of STAT3 seems to be modulated by stromalepithelial interactions. The prostate tumors of EAF2 and p53 doubleknockout mice exhibited more intense p-STAT3 immunostaining in the tumor cells of nearby stromal areas, which is consistent with a previous report showing more intense p-STAT3 staining in prostate tumor cells close to the stroma [49] . These findings suggest that the regulation of STAT3 phosphorylation by EAF2 and/or p53 involves multiple mechanisms.
Strong nuclear p53 immunostaining was closely associated with point mutations of p53 and rapid biochemical recurrence in an analysis of a tissue microarray containing 11,152 prostate cancer samples [11] . Although the correlation of p-STAT3 staining in clinical prostate cancer specimens with EAF2 downregulation and/or nuclear p53 staining was not strong, it is consistent with our hypothesis that defects in EAF2 and/or p53 signaling can enhance STAT3 phosphorylation and promote prostate carcinogenesis.
In summary, these studies demonstrate physical and functional interactions between two important tumor suppressors, p53 and EAF2, in prostate carcinogenesis and an important role for STAT3 signaling in prostate cancer cells lacking both p53 and EAF2. Since the proliferation of prostate cancer cells induced by concurrent knockdown of EAF2 and p53 could be blocked by STAT3 knockdown, therapeutic agents targeting STAT3 signaling may be effective for a subset of prostate cancer exhibiting EAF2 downregulation, p53 nuclear staining, and elevated phosphorylated STAT3.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.neo.2018.01.011.
